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A B S T R A C T   
Asteroid mining and redirection are two trends that both can utilize lasers, one to drill and cut, the other to 
ablate and move. Yet little is known about what happens when a laser is used to process the types of materials we 
typically expect to find on most asteroids. To shed light on laser processing of asteroid material, we used a 300- 
W, pulsed Ytterbium fiber laser on samples of olivine, pyroxene, and serpentine, and studied the process with a 
high-speed camera and illumination laser at 10 000 frames per second. We also measure the sizes of the resulting 
holes using X-ray micro-tomography to find the pulse parameters which remove the largest amount of material 
using the least amount of energy. We find that at these power densities, all three minerals will melt and 
chaotically throw off spatter. Short, low-power pulses can efficiently produce thin, deep holes, and long, high- 
power pulses are more energy efficient at removing the most amount of material.   
1. Introduction 
Asteroid mining has the potential to be a very profitable industry [1]. 
Sourcing nickel–iron family metals from asteroids has gained interest 
since 1977 [2], and it was shown to be as economically competitive as 
extracting the metals from the Moon [3]. Volatiles like water can be 
extracted from asteroids and used as rocket fuel [4] and even raw, un-
processed material can be used as radiation shielding [5]. The only 
feasible way to thoroughly prospect an asteroid is to study it with a 
robotic spacecraft, capable of getting below the surface. Although 
remote analysis methods like X-ray spectroscopy have been space- 
proven by the Dawn mission [6], their findings have some ambiguity 
that should be resolved by in-situ verification. 
Using a drill or shovel would require landing on a small body, which 
presents several challenges such as the lack of knowledge of surface 
strength (i.e., powdery or stoney) and accounting for rotation or even 
tumbling. A summary of some landing/anchoring and sampling tech-
nologies with advantages and disadvantages is given in [7]. One solution 
to these challenges would be to use a laser to drill beneath the surface. 
Because there are no moving parts, it produces negligible counter- 
torques, and will not get stuck. It also has the advantage of being able 
to function on a diverse range of targets, from dust to solid metal; see 
Section 8 of [8] for publications related to various materials. They could 
even be used without having to land: a diffraction-limited Nd:YAG laser 
(wavelength 1070 nm) with a 34-cm aperture can make a 1-mm spot at a 
distance of 1 km. 
The first laser was built in 1960 [9], and the first patent on laser 
drilling was filed in 1964 [10]. The first mathematical model of the 
drilling process was developed in 1976, which studied hole size and 
drilling rate on a copper plate [11]. Since then, High-Speed Imaging 
(HSI) has been useful in understanding the processes occurring when 
drilling, piercing, and cutting metals, such as spatter [12], melt dy-
namics, [13] and the gas effect [14], to name a few. By properly tuning 
the laser repetition rate and pulse width, the drilling efficiency has been 
shown to improve by a factor of 27 [15]. Lasers have also been tested on 
natural materials such as shale and sandstone [16], granite [17], and 
slate [18]. These were mostly for industrial purposes like cutting or 
engraving, and did not study the process in detail. Lasers have been used 
to process bauxite and red mud in [19], gold ores in [20], and is also 
used as a sampling tool when studying trace element chemistry of sul-
fides by mass spectrometry [21]. 
The first laser intended for use in space was the LIMA-D instrument 
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on the Phobos 1 and 2 spacecraft launched in 1988 [22]. It was supposed 
to perform laser-ablated mass spectroscopy to determine the surface 
composition of the Martian moon, but unfortunately the mission was 
unable to reach this phase, and the instrument went unused. A laser is 
currently in use on the Mars, via the Curiosity rover, conducting Laser- 
Induced Breakdown Spectroscopy (LIBS) experiments on the natural 
materials on the Martian surface [23]. A similar process is also being 
suggested to determine asteroid composition using small satellites [24]. 
The majority of asteroids in the main belt and in the near-Earth re-
gion have spectral types S (̃60%) or C (̃20%), that stand for siliceous 
and carbonaceous, respectively [25]. Olivine and pyroxene are thought 
to be the dominant minerals for S and C types [26], and were therefore 
selected for the present study. Serpentine was also selected, because 
serpentine-group minerals are the most common hydrated minerals in 
meteorites [27]. Table 1 provides the main chemical and physical 
characteristics of the samples following [28]. The specific heat capac-
ities for olivine, pyroxene, and serpentine are roughly 1.5, 1.1, and 1.3 
kJ kg− 1 K− 1, respectively. Iron-rich olivine (fayalite) begins to melt at 
1763 K, while magnesium-rich olivine (forsterite) does not begin to melt 
until 2436 K [29]. In liquid form, gases like MgO, FeO, and SiO2 begin to 
appear, so it is difficult to say at what temperature olivine begins to 
vaporize, if at all in its full mineral form [30]. As olivine is one of the first 
minerals to crystalize while cooling, we will assume the melting tem-
peratures for our pyroxene and serpentine samples are below that of 
olivine. 
Laser-induced ablation has also been suggested as a method of 
redirecting potentially dangerous asteroids since 1994 [31]. They 
simulated a solar concentrator by using a laser on a sample of basalt and 
studied the evaporation force using a pressure plate. Experiments with 
olivine were conducted to test the usefulness of a laser for asteroid 
redirection [32]. Force measurements on pyroxene as well as high- 
fidelity asteroid simulant powder were performed with sub- 
nanosecond pulses, also for the purpose of asteroid redirection [33]. 
The main purpose of our research is twofold: first, to understand how 
natural materials respond to laser irradiation, and second, to explore 
how varying laser pulse parameters affects the hole depth and the vol-
ume removed. We use millisecond pulses, which we believe is most 
suitable for a piercing experiment, whereas nano- to femto-second pul-
ses mostly operate in a shallow ablation mode. By studying the process 
with HSI, we are able to see exactly what processes occur, be they 
melting, vaporization, explosion, etc, and how, exactly, the process 
differ from one mineral to the next. By studying the hole depths and 
volumes, the question how pulse parameters affect the depth and the 
volume removed can be answered. 
2. Methodology 
First, the three samples—olivine, pyroxene, and serpentine—were 
cut into roughly 1 cm thick slices to perform experiments on. A reflec-
tance spectra was obtained of each sample, and in addition, thin sections 
of each rock were taken for petrographic analysis. During each experi-
ment, HSI was applied at the laser beam-surface interaction point. Once 
the experiments were finished, the samples were further cut and 
analyzed with an X-ray Micro-Tomography (XMT) device. We describe 
the methodology in greater detail in the following subsections. 
2.1. Sample characterization 
Reflectance spectra of the samples were measured over the visual 
and near-infrared wavelengths 450–1150 nm. The measurements were 
carried out using a Light Tec Reflet 180S goniometer in a measurement 
geometry with 8◦ incidence and 0◦ measurement angles. The spot size 
from the incident illumination on the sample was about 1 cm in diam-
eter. The reflected signal was recorded with an Ocean Optics Maya2000 
Pro spectrometer and the calibration of the measured signal was done 
using a LabSphere Spectralon diffuse reflectance standard. Two spots 
from each of the three samples were selected from the most prominent 
phase of the material. All the materials are measured with the same 
settings and calibrated against a diffuse reflectance standard, so their 
absolute reflectance levels can be compared. 
Petrographic studies were carried out to characterize the test sam-
ples and to provide further compositional and textural information that 
could be relevant for the laser performance (impurities, cleavage planes, 
etc). The polished thin sections were prepared by Precision Petro-
graphics Ltd (Canada) and were studied in an optical microscope (Nikon 
ECLIPSE E600 POL) using cross-polarized light. 
The XMT measurements to characterize the resulting holes were 
carried out with a GE phoenix nanotom s system. The samples were 
imaged at 25 μm voxel size, with X-ray generator settings at 100 kV and 
150 μA, using a 0.5 mm Cu filter. A total of 1000 projection images were 
recorded over a 360◦ rotation of the sample (0.36◦ step) with 1.5 s 
exposure time for each projection. The 3D volume data was recon-
structed from these data sets using datos—x reconstruction software 
version 2.4.0.1199 (GE phoenix). 
The 3D volumetric data was analysed using the free software Fiji 
(ImageJ) by first manually choosing and labeling the locations of the 
holes in the 3D volumes [34,35]. The grayscale voxel data (corre-
sponding to ”radiodensity” which is a function of density and the 
average atomic number) was then filtered with a 3D median filter and 
thresholded using a value selected to be Ith = Ibg + 0.7⋅(Imat − Ibg), where 
Ibg and Imat are the average grayscale values in the background (sur-
rounding air) and the matrix of the sample (excluding metal impurities), 
respectively. Binary image operations to clean and join isolated objects 
were then applied before the volumes and lengths of each hole were 
printed to a file for further analysis. The uncertainties for the mea-
surements for both volume and depth were less than 2%. 
2.2. Laser experiment and observation 
The experiments were conducted with a YLR-300-MM-AC Ytterbium 
fiber laser, in an autonomous mode, from IPG Photonics, with capabil-
ities given in Table 2. The laser head was mounted in a fume hood and 
connected via fiber-optic cable to the source located outside the hood. 
To better simulate the effects of zero gravity, the experiment was con-
ducted horizontally, to prevent molten material from pooling in the 
bottom of the hole. The laser head was angled 10◦ from horizontal to 
prevent reflected processing light and ablated material from damaging 
the optics. A shielding gas of Argon was placed near the surface of the 
targets to prevent oxidation of the experiment samples. The target was 
mounted to a moving platform (CNC machine) capable of re-positioning 
between experiments and controlling the focal distance. The surface of 
Table 2 
Laser parameters.  
Parameter Value 
Wavelength 1070 nm 
Source power < 300 W  
Pulse frequency < 500 Hz  
Spot width 100 μm 
Beam quality 8 mm mrad 
Focal length 220 mm  
Table 1 
The main chemical and physical characteristics of test samples: olivine, pyrox-
ene (clino-), and serpentine [28]. The letter M1 can be Mg or Fe, M2 can be Ca or 
Na, M3 can be Mg, Fe, or Al, M4 can be Mg, Fe, Ni, Mn, or Zn, and M5 can be Si, 
Al, or Fe.  
Mineral group Chemical composition Mohs hardness Specific gravity 
Olivine (M1)2SiO4 6.5–7.0 3.2–4.4 
Pyroxene (M2)(M3) Si2O6 5.0–6.5 3.2–3.6 
Serpentine (M4)3(M5)2O5(OH)4 3.0–6.0 2.5–2.6  
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the samples were placed in the focal plane, which allowed for power 
densities up to 954.9 kW/cm2. 
The HSI system used in this experiment is based on the one used in 
[13]. A high-speed camera (FASTCAM Mini UX100 type 800-M-16G) 
running at 10 000 frames per second (fps) was used to study what 
physical processes happen during illumination. The light produced 
during processing over-saturated the CCD detector in the camera, thus a 
filter allowing only 810 nm light through was placed in front of the lens 
of the camera to reduce the processing light. An illumination laser of the 
same wavelength (810 nm) (CaviLux HF) was configured to illuminate 
the target area, which provided a clear view of the behavior of the 
material. The illumination laser was configured to have 10 μs pulses at 
10 kHz, and the camera had an exposure time of 4 μs. An overview of the 
entire experiment setup is given in Fig. 1. 
There were three independent variables in the experiments: laser 
power, pulse width, and repetition rate. The power was varied from 100 
W to 300 W, the pulse widths from 1 ms to 16 ms, and the repetition rate 
from 53 Hz to 500 Hz. The repetition rate was selected to give integer 
values of pulse gaps from 1 ms to 4 ms. As it is assumed that olivine is the 
most abundant mineral of the three, it was selected for a wide range of 
experimental parameters. The pyroxene and serpentine had a narrower, 
and more specific range of parameters, based on iterative analysis of 
high-speed footage viewed while performing the experiments. We star-
ted with a regular matrix of parameters, but it turned out that many of 
the chosen parameters would not provide useful results. So we decided 
to use the pulse settings that seemed to produce the largest amount of 
spatter during the initial olivine experiments also on the other two 
samples. A summary of the pulse settings space is given in Fig. 2. In 
addition, several ”continuous mode” experiments were run to observe 
long-term behavior, each lasting ̃350 ms. 
The pulse parameters were set using the software provided with the 
laser itself, and an on–off trigger signal was sent from the CNC controller 
PC. Pulse modulation is done via selective voltage control (power 
modulation). Before the on signal was sent, the CNC PC would also 
toggle the crossjet and shielding gases and send a trigger signal to the 
HSI PC. The HSI PC, running Photron FASTCAM Viewer software, would 
then activate the illumination laser and begin recording for approxi-
mately 1 s, which is longer than all the experiment durations. After the 
laser-off signal was sent by the CNC PC, the gases and lasers would be 
shut off. The HSI PC ws then used to clip and save the experiment from 
the 1-s recording. 
An important note is that the number of pulses varied for each 
experiment due to the synchronization signals having delays. Some ex-
periments were repeated multiple times in order to test how sensitive the 
results were to local variations in the material composition and struc-
ture. The samples were not uniform crystals so their compositions and 
structures varied across their surfaces, especially for pyroxene and 
serpentine. 
3. Results 
The results are grouped into three parts. The first part concerns the 
characterization of the samples, which include images to show the 
overall characteristics of the samples. It also includes the results of the 
spectral analysis and petrographic studies. The second part is about the 
HSI, showing the processes that occur on each sample at varying depths. 
The third part is a study of the size and shape of the holes, including 
processing efficiencies. 
3.1. Sample pre-characterization 
Imaging in visual wavelengths reveals the overall variation between 
and on the samples (Fig. A.1). The olivine sample shows evenly 
distributed dark and light lithologies, with what looks like metallic iron 
or iron sulfide near the middle bottom. The pyroxene sample has an 
Fig. 3. Photomicrographs taken in cross-polarized light of olivine (left), pyroxene (middle) and serpentine (right) test samples.  
Fig. 2. Overview of which laser parameters (power, pulse length, and pulse 
gap) were used in the experiments. The grey boxes indicate an experiment was 
performed at the corresponding pulse parameters, and white boxes indicate no 
experiment was performed. 
Fig. 1. Experiment setup.  
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overall smooth grey/white/blue color, with some characteristic cleav-
ages throughout the surface. The serpentine contains brown, yellow, and 
green regions, with spots and cracks all over the surface. There is a dark 
blue region in the bottom as well. 
The reflectance spectra is shown in Fig. A.2. Both the olivine and 
pyroxene materials are showing the absorption band (pyroxene) or 
overlapping bands (olivine) around ̃1000 nm. It can be noted, that the 
reflectance levels of the serpentine material are clearly higher compared 
to the olivine and pyroxene materials at the wavelength of the laser, at 
1070 nm. With the assumption that all the three materials have quite 
similar, diffuse angular scattering profiles, we can argue that the higher 
reflectance of serpentine indicates also lower absorption in the material, 
which also indicates that a smaller fraction of incident power is available 
for material heating. 
The petrographic analysis reveals the microstructure of segments of 
the samples (Fig. 3). The olivine thin section reveals olivine crystals with 
diagnostic cracks and third-order interference colors. The sample is 
slightly mica altered, meaning a small amount of the olivine converted 
to mica, and contains accessory iron sulfides and iron oxides. The py-
roxene thin section contains pyroxene crystals with second-order 
interference colors and small parts altered to calcite. The left part of 
the pyroxene image shows the 87◦ cleavage intersection usually 
t0 = 0.0 ms
t1 = 0.3 ms
t2 = 0.6 ms
t3 = 0.9 ms
t4 = 1.2 ms




Fig. 4. High-speed footage of pyroxene during the initial moments of the first 
pulse. Laser power was 300 W with 4 ms on time and 1 ms off time. The left side 
of the second frame has been brightened to show the furthest discern-
ible particle. 
Early Middle Late
t0 = 9.9 ms t0 = 43.9 ms t0 = 94.6 ms
t1 = 10.6 t1 = 43.2 t1 = 95.0
t2 = 11.3 t2 = 43.5 t2 = 95.4
t3 = 12.0 t3 = 43.8 t3 = 95.8
t4 = 12.7 t4 = 44.1 t4 = 96.2
t5 = 13.4 t5 = 44.4 t5 = 96.6
5 mm
Fig. 5. Selected frames showing the behavior of pyroxene under laser irradi-
ation over time. The pulse settings are 4 ms on and 1 ms off at 300 W. The 
frames in the near-surface, mid-depth, and deep series are 0.7, 0.3, and 0.4 ms 
apart, respectively. The red circles highlight the spatter for each series. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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associated with pyroxene. The serpentine thin section shows typical low 
first-order interference colors and mesh texture. Iron oxides/hydroxides 
are present in the sample as is a relict olivine crystal in the top right 
corner of the image. 
3.2. High-speed imaging analysis 
High-speed footage revealed a number of intriguing processes 
occurring during interaction of the processing laser beam and the min-
erals. The olivine and pyroxene samples rapidly ejected small (sub- 
millimeter-sized) particles in the initial moments of illumination 
(Fig. 4). At t0, the laser begins irradiating the pyroxene surface. After 
0.3 ms, particles have already reached the far left part of the image, a 
distance of roughly 7 cm. We estimate that these particles travel at over 
230 m/s, the escape velocity of a 360-km-wide asteroid. The opening 
angle of the stream is ̃25◦ and the rapid outburst lasts roughly 1.5 ms. 
As the cavity depth increases and heat accumulates, the material 
begins to melt. The rapid ejection of material then stops, most likely due 
to the surface tension of the melt pool, and is replaced by a different 
process where molten material is cast off in larger chunks (over 1 mm in 
size) at slower speeds, ranging from 5 m/s to 30 m/s (5 m/s is the escape 
velocity of a 7.5-km-wide asteroid), and in all directions. This can be 
demonstrated with an experiment on pyroxene, where the power is 300 
W, pulse width of 4 ms, and repetition rate of 200 Hz (Fig. 5). The figure 
is divided into three phases: early, middle and late. The ”early” series 
starts at the third pulse, showing a relatively small melt area, 1–2 mm in 
width, and ejection of relatively small spatters, less than 1 mm in size. By 
the time the ninth pulse is over (the beginning of the ”middle” phase), 
the melt pool has increased in size to 2–3 mm, and is ejecting more and 
larger spatter, up to 1 mm in diameter. The ”late” series shows the 19th 
pulse, where the melt area is relatively large, roughly 4–5 mm, and the 
ejected spatter is also relatively large, 1–2 mm in size. The same overall 
behavior was observed for olivine and serpentine (Figs. A.3 and A.4, 
respectively), except that the initial outburst was not seen for 
serpentine. 
An interesting phenomenon seen in olivine and pyroxene is a tendril- 
like formation, which extended roughly 1 cm from the melt pool before 
emitting a large (1–2-mm) particle at the tip, and then retracted back. 
An example of this phenomenon is seen at t0 in the late series in Fig. A.3, 
and another less pronounced one at t1 in the middle series. 
The continuous-mode experiments showed similar behaviors to 
pulsed experiments (Fig. 6). In the olivine sample, a melt pool of ma-
terial extending roughly 1 mm above the surface formed and slowly 
grew to 5 mm in diameter. It undulated vertically from the surface, but 
did not throw off much spatter. The pyroxene exhibited a similar bulge 
above the surface, but threw off large pieces (1–2 mm in diameter) of 
spatter frequently (roughly 1 per millisecond) throughout the experi-
ment. One can also see evidence of the tendril like formation. The 
serpentine did not have a large melt pool extending above the surface, 
but threw off spatter of small (micrometer-sized) and medium (1-mm- 
Olivine Pyroxene Serpentine
5 mm
Fig. 6. Images from the continuous-mode experiments. From left to right are olivine, pyroxene, and serpentine. No ejection is visible from olivine, and red circles 
show large spatter from pyroxene, and fine spatter from serpentine. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
Fig. 7. XMT images of three holes in the olivine sample. Each hole was created by 9.6 J of energy at the 300-W power setting. Shown are the pulse parameters, 
number of pulses, d for depth, and v for volume removed. 
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sized) pieces nearly constantly throughout the entire experiment. 
On all three samples, after the laser was switched off, the melt pools 
rapidly increased in size, forming semi-translucent bubbles and ejecting 
material, until it cooled completely (Fig. A.5), though the serpentine 
sample’s bubbles were not as large. 
3.3. Hole sizes and shapes 
After the laser experiments, the samples were cut again to be better 
suited for the XMT studies. Each of the resulting XMT images is oriented 
that the surface of the sample is in the top left of each image, and drilling 
”down” is in the bottom-right direction. Due to the fact that the number 
of pulses varied between experiments and between samples, it is difficult 
to directly compare the shapes, structure, and sizes of the holes. There 
were, however, a few comparable situations. For instance, there is a 
clear increase in volume removed when increasing the pulse length 
while maintaining the power (300 W), gap between pulses (3 ms), and 
total energy (9.6 J) (Fig. 7). 
Another interesting thing can be seen comparing the holes of the 
continuous-mode tests (Fig. A.6); the holes are roughly the same depth 
(11 mm), but the serpentine hole is nearly twice as wide near the bot-
tom. The difference in shape could be due to the sheet-like structure of 
serpentine, which funneled energy sideways instead of downward. The 
pyroxene hole was larger than the others, possibly due to the cleavages 
breaking off, instead of a smooth melt. 
Eleven out of 36 holes in the olivine sample had discontinuities close 
to the surface (Fig. A.7). There seems to be no correlation to laser power 
or pulse settings. The discontinuities could be caused when liquid from 
the bottom cools and solidifies before it exits the hole, sometimes even 
closing the hole. 
Accurate numbers of laser pulses were derived by analyzing the high- 
speed video footage. The total energy that was injected into the rocks 
was calculated by multiplying the energy per pulse (multiply the laser 
power by the pulse duration) by the number of pulses. The volume and 
depth for each hole is divided by the total energy of the experiment to 
find volume efficiency (VE) and depth efficiency (DE), respectively. 
These values can then be compared to the corresponding pulse param-
eters. The values for the experiments that were run more than once are 
the averages. The measurement values for groups of data (i.e. all olivine 
experiments) are the averages and the standard deviations. 
The DE results suggest that olivine is the easiest to process, having an 
average DE of 0.722 ± 0.336 mm/J, and serpentine the most difficult, 
averaging 0.492 ± 0.080 mm/J, with pyroxene in between with an 
average DE of 0.589 ± 0.286 mm/J (Fig. 8). In general, our results 
suggest the shorter the pulse is, the more energy efficient the depth 
processing is, see the dotted line in Fig. 9. Allowing a longer gap, that is, 
reducing the repetition rate, also seems to increase the efficiency. For 
experiments with a 1-ms gap, the average DE was 0.586 ± 0.205 mm/J, 
while those with a 3-ms gap had an average of 0.663 ± 0.291 mm/J. The 
averages of the 200-W and 300-W experiments were 0.735 ± 0.327 mm/ 
J and 0.713 ± 0.234 mm/J, respectively. 
The VE results seem to paint a different picture, suggesting that 
pyroxene is the easiest to process, having an average VE of 22.3 ± 13.0 
Fig. 8. Hole depth in mm per joule added for pulsed experiments. Color in-
creases in intensity with an increase in depth. Blank cells indicate no experi-
ment was performed with the corresponding pulse parameters. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
Fig. 10. Volume removed in mm3 per kilojoule added for pulsed experiments. 
Color increases in intensity with an increase in volume removed. Blank cells 
indicate no experiment was performed with the corresponding pulse parame-
ters. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
Fig. 9. Depth (DE) and volume (VE) processing efficiencies by pulse length.  
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mm3/kJ, and olivine is the most difficult, with an average VE of 11.9 ±
6.8 mm3/kJ; serpentine was in the middle with an average 16.2 ± 6.7 
mm3/kJ (Fig. 10). The difference in VE could be due to the cleavages 
associated with pyroxene, where chunks of the mineral could be broken 
off from the sides of the processing hole. It appears that the longer the 
pulse, the more efficiently the material is removed, see the dashed line in 
Fig. 9. Pulses with 1-ms gaps had an average VE of 16.8 ± 11.3 mm3/kJ, 
and 3-ms gaps had 15.2 ± 9.0 mm3/kJ. The 200 W experiments clearly 
performed less efficiently than the 300 W ones, having average VE 
values of 8.9 ± 4.0 mm3/kJ and 17.9 ± 5.8 mm3/kJ, respectively. 
The few experiments performed with a laser power of 100 W show 
DE values comparable to the higher power levels, an average of 0.648 
+/- 0.287 mm/J, but much lower VE values, an average of 4.9 +/- 1.2 
mm3/kJ (Table 3). 
The processing efficiencies of the continuous-mode experiments 
show that DE suffers greatly even compared to the lowest values pro-
duced by pulsed experiments (average DE for continuous-mode was 
0.114 ± 0.013 mm/J, and the lowest pulsed-mode was 0.236 mm/J) 
whereas the VE values are comparable to their pulsed counterparts, with 
an average VE of 18.2 ± 6.837 mm3/kJ (Table 4). 
The experiments that were duplicated show that wide scatter is 
possible for all three samples (Table 5). In terms of relative deviations, 
the results suggest that values for DE can vary from 3.4% to 104.0% for 
olivine, 8.6% to 37.1% for pyroxene, and 12.3% for serpentine. The VE 
values vary from 1.0% up to 78.6% for olivine, 43.3% to 54.5% for 
pyroxene, and 23.0% for serpentine. 
The shape, color, and width of the holes were different between 
samples, as well as different on each sample too (Fig. 11). The top two 
rows are olivine, the third row is pyroxene, and last row is serpentine. 
The olivine mostly has dark/metallic holes, with the exception of two of 
Fig. 11. View of holes on all three samples. The top panel is olivine, the middle panel is pyroxene, and bottom panel is serpentine. Individual images were taken of 
each hole under a microscope that were then stitched together. The images have the same size scale and can thus be directly compared to each other. Continuous- 
mode experiments are the largest of the series: middle center for olivine and 3rd from left on pyroxene and serpentine. Small holes on the far right were made by 100- 
W settings. 
Table 5 
Average efficiencies and standard deviations for duplicate experiments. The letter c is for the continuous-mode experiment, which is 1 pulse 313 ms in length. VE 
stands for volume efficiency, DE for depth efficiency, and SD for standard deviation.  
Material Power (W) Pulse width (ms) Rep. rate (Hz) Average VE (mm3/kJ) Std. Dev. VE (mm3/kJ) Average DE (mm/J) Std. Dev. DE (mm/J) 
Olivine 100 4 167 5.625 4.419 1.063 1.105 
Olivine 200 2 333 9.327 0.408 0.745 0.136 
Olivine 200 8 91 10.651 2.429 0.598 0.163 
Olivine 300 8 111 25.243 0.246 0.441 0.015 
Olivine 300 c c 19.375 7.496 0.121 0.005 
Pyroxene 300 4 200 31.081 16.934 0.320 0.119 
Pyroxene 300 16 59 28.472 12.339 0.420 0.036 
Serpentine 300 16 53 17.465 4.016 0.413 0.051  
Table 3 
Processing efficiencies for the pulsed experiments with a laser power of 100 W. 
VE stands for volume efficiency and DE stands for depth efficiency.  
Material Pulse width (ms) Pulse gap (ms) VE (mm3/kJ) DE (mm/J) 
Olivine 2 2 5.833 0.417 
Olivine 4 2 5.625 1.063 
Olivine 4 4 5.000 0.359 
Pyroxene 1 1 4.211 0.434 
Serpentine 1 1 2.857 0.554  
Table 4 
Processing efficiencies for continuous-mode experiments. VE stands for volume 
efficiency and DE stands for depth efficiency.  
Material Power (W) Duration (ms) VE (mm3/kJ) DE (mm/J) 
Olivine 200 376 8.684 0.127 
Olivine 300 313 19.375 0.121 
Pyroxene 300 380 23.219 0.098 
Serpentine 300 380 19.404 0.098  
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them, the hole second from the right on the bottom row, and sixth from 
the left on the bottom row. The pyroxene mostly has yellow holes, with 
the exception of the second from the left, which is white. Each of the 
non-white holes has a glassy coating. The serpentine holes vary the 
most, with white holes and brown holes over different regions of the 
material. 
Comparing the wide range of settings used to make holes in the 
olivine sample, there appears to be a linear relationship between the 
total energy of the experiment and the volume of material removed from 
the hole (Fig. 12). The slope of the line increases relative to higher laser 
power, i.e., the higher the power, the steeper the slope. There is no 100- 
W trend line as there were only four experiments, and thus the trend 
cannot be accurately modelled. Although we note that they appear at the 
bottom left of the plot with some of the lowest volumes removed. 
Another trend is a decreasing logarithmic relationship between the 
total energy and the depth of the hole (Fig. 13). The same logarithmic 
relationship between energy and depth holds true for the other three 
samples, where olivine appears to be be easiest to process, followed by 
pyroxene and then serpentine (Fig. 14). In addition, it is clear that higher 
laser power produces deeper holes (Fig. 15). 
4. Discussion and additional analysis 
In general, serpentine had smaller holes than olivine and pyroxene. 
The size difference could be due to the fundamental difference in crystal 
structure and chemical composition of the materials. Unlike olivine and 
pyroxene, serpentine contains water, which is located between layers of 
SiO4 tetrahedra and AlO6 octahedra. The energy entering the mineral 
might be absorbed by the water and dissipated from the hole area, if not 
simply expanding between the layers without melting or breaking. The 
distinct spattering behavior of serpentine may thus be due to its water 
content in combination with its layered structure, and in particular the 
dehydroxylation process at high temperatures. 
The specific energy (reciprocal of VE) for slate and sandstone are in 
the range of 1 to 2 kJ/cm3 at power densities of roughly 1 kW/cm3 [16]. 
The minimum values we calculated for olivine, pyroxene, and serpentine 
were 36.5, 23.2, and 43.0 kJ/cm3, respectively, but our power densities 
were on the order of 900 kW/cm3. Slate and sandstone are ”weaker” 
rocks, and would thus have lower specific energies overall. The specific 
energies for different rocks are within about one order of magnitude of 
each other, so there does not appear to be a radical difference between 
the energies required to process various stones. Another finding from 
[16] was that increasing the repetition rate reduced the specific energy. 
We cannot confirm this relationship, as only six of 13 instances showed 
such a trend. This could be due to the difference in power intensities and 
the corresponding difference in removal mechanisms (i.e. spallation vs 
spattering). We can also estimate the temperatures achieved in the 
experiment using the specific energy and specific heat capacities; the 
temperatures varied quite a lot, between 5 254 K and 141 414 K, but 
Fig. 13. Plot of the depth of the holes made in olivine versus how much total 
energy was used to make them. The box shows the region of experiments with 
pulsed settings, and the data points outside the box correspond to continuous- 
mode irradiation. 
Fig. 15. Plot of the depth of the holes made in olivine versus how much total 
energy was used to make them. Here we only consider pulsed laser. 
Fig. 14. Plot of depth of the holes made in all three samples versus how much 
total energy was used to make them. The depths for the pyroxene and 
serpentine were the same, so the data points overlap. 
Fig. 12. Plot of volume removed against the total energy for the experiment for 
the olivine sample. 
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averaged at 22 423 K. 
Results from [32] showed mass removal rates near the ”beginning” of 
their experiments of 2.1 × 10− 7 kg/s, and near the ”end” it was down to 
2.5 × 10− 8 kg/s. Their experiments ran for 10 min in continuous mode, 
and it is not clear exactly how they define the beginning of their ex-
periments. We note that their model only considered sublimation, not 
spallation or melt ejection. The maximum removal rate in our experi-
ments was 4.1 × 10− 5 kg/s; the significant difference in magnitude 
suggests that a vast majority of material is ejected in the initial moments 
of laser beam irradiation. 
The experiments by [32] were performed in a vacuum chamber, 
where atmospheric disturbances could not affect the processing. These 
disturbances could include melt pool pressure, turbulence, or eddy 
currents; lower ambient pressure could also allow vapour in the hole to 
escape easier, perhaps creating narrower holes. The spatter may behave 
differently, as it is unclear from the HSI whether the bubbles formed 
contained atmospheric gas or vapor from the processing. 
The time required to ablate material has a considerable impact on 
mission design, primarily regarding whether or not a spacecraft is 
required to land on the surface or if it can stay in orbit near the asteroid. 
The ability to maintain the location of the focal point of the laser on the 
asteroid surface is difficult from orbit, and would require highly precise 
control equipment, whereas a lander would have little issue with spot 
control. Our results suggest that, if the aim is to redirect an asteroid by 
removing surface material to produce a momentum exchange, main-
taining precise control is not necessary. The beam spot can wander 
around on the surface, within limits, spallating and melting new loca-
tions, rather than being focused on one spot to operate in the vapor 
ablation state. 
The decreasing logarithmic relationship between depth and total 
energy might be due to the fact that the laser beam de-focuses with 
distance from the focal point. The continuous-mode experiments (the 
longest/most energetic) produced the deepest holes, nearly penetrating 
the olivine sample, but still did not go deeper than 10–12 mm. This 
relationship only holds for the range of energies used in this experiment; 
longer exposure will eventually reach a maximum depth, when the laser 
beam de-focuses to the point where it can no longer process material. 
Using the spot size of 0.1 mm and beam quality of 8 mm mrad, we can 
see that after 1 cm, the beam is roughly 0.8 mm, eight times wider than 
in focus. 
The experiment setup was not designed to study any gas or vapor. 
Ablated vapor can block some of the incident laser irradiation, and it can 
occur within the first nanosecond of exposure. It must be noted that the 
presence of the vapor and the spattering ejecta must have blocked some 
of the laser beam, which could have affected the shape of the hole and 
the total amount of material removed. 
The results showed relatively large scatter (̃20%) although the 
measurements were relatively accurate (<2% error). This implies that 
the differences in the results are most likely due to the micro-scale 
material properties and/or pulse parameter settings. This is further 
demonstrated when considering the results obtained by multiple ex-
periments at the same pulse parameter settings. The wide range of 
variability of VE and DE in olivine are most likely due to the local 
concentrations of forsterite and fayelite. The pyroxene and serpentine 
also showed relatively large variations in efficiencies, which can more 
readily be explained by larger-scale composition differences. 
While the laser was able to process all three rocks in a similar 
fashion, we can only speculate how it will affect other materials. We 
know asteroids are not entirely homogeneous, and may contain pockets 
of metals, hydrocarbons, or other volatiles, which may react differently, 
depending on their absorption at the laser frequency. 
There is also clearly a presence of re-deposited material on the sur-
face. The build-up could be due to the shielding gas being angled slightly 
towards the surface, though the HSI does not show a uniform movement 
of all particles. Alternatives include electrostatic forces and local drag 
due to the expansion of the local ambient atmosphere. 
5. Conclusions 
The cross-disciplinary approach utilized in the present research 
project provided several insights into how lasers can efficiently be used 
to process asteroid material. 
First, regardless of the material, the laser was able to produce similar 
melting and ejection behavior for all three samples. A 1070-nm laser is 
demonstrated to reliably and robustly process olivine, pyroxene, and 
serpentine, even at 100 W, the lowest power used in the present research 
project. The relatively small energy consumption and high processing 
efficiency therefore suggest that laser payloads are suitable for small 
satellites with limited power budgets. 
Second, spatter produced during the first pulse is significantly 
smaller and faster than spatter produced later in the same experiment in 
both pyroxene and olivine. Serpentine did not have a rapid-outburst 
phase, it immediately began to melt and behaved like a mid-depth 
process. 
Third, there is clear evidence of forces that keep more material from 
being ejected. These can include surface tension, wetting forces, and 
atmospheric pressure. 
Fourth, our measurements suggest there is a trade-off with pulse 
length between depth and volume removal efficiencies. Short pulses 
make deeper holes, but longer pulses are preferred for removing the 
most amount of volume. 
Fifth, the depth efficiency seems to be inversely related to pulse 
repetition rate, but volume efficiency is directly related. The continuous- 
mode experiments had the poorest depth efficiency. 
The HSI and XMT data as well as microscope imaging of the holes are 
available upon request. 
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Early Middle Late
t0 = 7.3 ms t0 = 30.9 ms t0 = 41.4 ms
t1 = 8.2 ms t1 = 31.2 ms t1 = 41.8 ms
t2 = 9.1 ms t2 = 31.5 ms t2 = 42.4 ms
4 mm
Fig. A.3. High-speed footage of olivine experiment over time. The power 
setting was 300 W, pulse length 8 ms, and pulse gap 3 ms. 
Early Middle Late
t0 = 4.4 ms t0 = 21.2 ms t0 = 36.2 ms
t1 = 5.8 ms t1 = 22.5 ms t1 = 38.4 ms
t2 = 7.2 ms t2 = 23.8 ms t2 = 40.6 ms
2 mm
Fig. A.4. High-speed footage of serpentine experiment over time. The power 
setting was 300 W, pulse length 8 ms, and pulse gap 3 ms. 
















Fig. A.2. Reflectance spectra of the samples. The spectra was measured in two 
separate spots, both presenting the typical phase of the sample, for all the three 
samples. The wavelength of the laser at 1070 nm is indicated with a red, 
dashing line in the figure, and the wavelength of the illumination for the high- 




Fig. A.1. Images of the samples showing overall macroscopic characteristics; 
from top to bottom, they are: olivine, pyroxene, and serpentine. The white 
boxes show where the experiments were performed. 
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Appendix B. Supplementary material 
Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.optlastec.2020.106724. 
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K. Watkins, W. Steen, CO2 laser cutting of slate, Opt. Lasers Eng. 37 (1) (2002) 
15–25, https://doi.org/10.1016/S0143-8166(01)00142-7, issn: 0143-8166. 
[19] O. Kotova, N. Leonenko, Physics and chemistry of minerals under laser processing, 
in: Materials Science and Engineering Conference Series, ser. Materials Science and 
Engineering Conference Series, vol. 123, Apr. 2016, p. 012 016. doi: 10.1088/ 
1757-899X/123/1/012016. 
[20] N. Leonenko, E. Vanina, G. Kapustina, E. Veselova, Study of nonlinear effect about 
laser-induced processes of nanodis-persed gold in mineral association, in: Material 
Researches and Energy Engineering, ser. Advanced Materials Research, vol. 772, 
Trans Tech Publications Ltd, Nov. 2013, pp. 355–358. doi: 10.4028/www. 
scientific.net/AMR. 772.355. 
[21] M. Norman, P. Robinson, D. Clark, MAJOR- AND TRACE-ELEMENT ANALYSIS OF 
SULFIDE ORES BY LASER-ABLATION ICPfffdfffdfffdMS, SOLUTION 
ICPfffdfffdfffdMS, AND XRF: NEW DATA ON INTERNATIONAL REFERENCE 
MATERIALS, Can. Mineral. 41 (2) (2003) 293–305, https://doi.org/10.2113/ 
gscanmin.41.2.293, issn: 0008-4476. 
[22] R.Z. Sagdeev, A.V. Zakharov, Brief history of the Phobos mission, Nature 341 
(6243) (Oct. 1989) 581–585, https://doi.org/10.1038/341581a0. 
[23] R.C. Wiens, S. Maurice, B. Barraclough, M. Saccoccio, W.C. Barkley, J.F. Bell, S. 
Bender, J. Bernardin, D. Blaney, J. Blank, M. Bouyé, N. Bridges, N. Bultman, P. 
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